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Abstract. A population-based sample of 73 male and 77 female monozygotic (MZ), 
and 41 male and 33 female dizygotic (DZ) Chinese adolescent twin pairs were studied to 
assess effects of gene-environment interactions of systolic blood pressure (SBP), diastolic 
blood pressure (DBP), serum cholesterol and triglyceride levels. Intrapair concordance in 
BP levels was found to be significantly associated with the interaction of zygosity and 
salty foods preference and also with that of zygosity and vegetable preference. A consist
ently positive and statistically significant association was observed between the intrapair 
difference in serum cholesterol and the interaction of zygosity and animal organ prefer
ence; while intrapair concordance in serum cholesterol was associated with the interaction 
of zygosity and milk consumption. Intrapair difference in serum triglycerides was asso
ciated with the interaction of zygosity and fish preference, and a significant association 
was also found between the intrapair concordance in serum triglycerides and the inter
action of zygosity and sweets preference. These observations suggest that the impact of 
these environmental agents may be influenced by the genotype. 

Key words: Blood pressure, Cholesterol, Triglycerides, Diet, Gene-environment inter
action, Twins 

INTRODUCTION 

Based on family studies, McKusick [33] indicated environment and heredity to be equally 
important in determining blood pressure. Pickering [41] also reported that environmental 
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factors account for 33% to 67% of total blood pressure variance. Several studies on serum 
cholesterol level also revealed the influence of both genetic and environmental factors [6, 
9,36]. What is important is not only whether there is a genetic and/or an environmental 
factor, but also how strong these factors are, how they interact with each other, and how 
such risk factors can be eliminated or their effects modified. 

Numerous functional and structural proteins are involved in the vasoregulatory 
system and the whole spectrum of serum lipids absorption, transportation, metabolism 
and monitoring. A better understanding of cardiovascular disease (CVD) necessitates a 
detailed description of the genetic loci implicated and their mode of action. However, 
as organisms live in an environment, a biochemical or a genetic description alone is inade
quate. We need to know, in addition, how genetically different individuals interact with 
different environments. 

Classical twin studies on mechanical ability did show different genotype and environ
ment interaction on motor skill [7,34] and in a twin study on a musical aptitude test 
Stafford [43] found that "twin pairs with different amounts of music lessons indicated 
higher heritability compared to twin pairs with the same amount of music lessons". 
Interaction seems to exist in many situations. 

This report presents the results of a twin study aimed to assess the possible effects 
of gene-environment interactions on CVD risk factors: systolic blood pressure (SBP), 
diastolic blood pressure (DBP), serum cholesterol and triglycerides levels. 

MATERIALS AND METHODS 

Data Collection 
Twin sampling, zygosity determination, and data collection procedures have been extensively descri
bed elsewhere in this issue [8]. Shortly, blood pressure, serum cholesterol and triglyceride levels, as 
well as life style, personality profile, family background and early experience were assessed in 73 male 
and 77 female MZ and in 41 male and 33 female DZ pairs of Chinese adolescent twins. 

Methods of Analysis 
Interactive effects of environmental and genetic factors were assessed by three different methods: 
additive effect model which used continuous intrapajr differences as data input, and binary multiple 
linear regression [21] and binary multiple logistic regression [14] which dealt with dichotomous 
intrapair concordance of twin pairs. 

Additive Effect Model 
Di = ftdj! + &di 2 + ... + pjdjj + ... + j^dfe + f3k+ x (dii . Zj) + ^ ( d i a . ZO + 
+ ... + fc+jOlg . Zj) + ... + 02k(djk . Zj) + ej 

for i = 1, 2,..., n and j = 1, 2,..., k 

where Dj = intrapair difference in CVD risk factor of the i m twin pair; 
djj = intrapair difference in the j t n environmental factor of the ith twin pair; 
Zj = zygosity of the i t h twin pair: 0 for MZ and 1 for DZ; 
ej = random error of the i t n twin pair. 

Under this model, interaction terms (eg, djj .. Zj) were of non-zero value only when the intrapair 
difference in the j l variable (ie, djj) was non-zero and the zygosity of the twin pair was DZ. Intrapair 
differences of all related host and environmental factors were included in the regression equation, 
but only those interactions between zygosity and intrapair differences in dietary preference and 
beverage consumption were included. 
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As two twins of a given pair were randomized into two different groups, the intrapair differ
ences in dependent variables might be positive, negative, or zero. The mean intiapair differences in 
CVD risk factors were thus zero for both MZ and DZ twins. Under this additive effect model, the main 
effect of zygosity on intrapair differences in CVD risk factor cannot be evaluated directly. However, 
the directionality of the association between CVD risk factor and environmental factor is preserved. 
The effect of intrapair difference in the j t n environemntal factor for MZ twins was estimated by &, 
while the effect for DZ twins was estimated by both & and its interaction term with zygosity, |3[c+ lf 

Binary Multiple Linear Regression 

This model, employed to assess the effects of zygosity, environmental factors and their interactions 
simultaneously, is as follows: 

Q = j30 + #Zj + &cii + A,ci2 + - + /3j+1qj + ... & + 1c i k + / 3 k + 2 ( c u ..Zj) + 
+ 0k+3(q2 • Zj) + "• + Ac+j+l(qj • Zj) + ... + 02k+i(cik • zi> + ei 

for i = 1, 2,..., n and j = 1, 2,..., k 

where Cj = intrapair concordance in CVD risk factor of the i m twin pair: 0 for concordant and 
1 for discordant; 

cjj = intrapair concordance in the j t n environmental factor of the i*h twin pair: 0 for con
cordant and 1 for discordant; 

Zj = zygosity of the 'fi1 twin pair: 0 for MZ and 1 for DZ; 
ej = random error of the i t n twin pair. 

The main effect of zygosity was determined by the estimate of JSJ ; the main effect of j t n environ
mental factor was determined by estimates of &; and the interactive effect of zygosity and the j " 1 

environmental factor was determined by the estimate of j ^ + 2 . 

Binary Multiple Logistic Regression 

This model, employed to assess the possible non-linear effects of zygosity, environmental factors and 
their interactions on dependent variables, is as follows: 

ln(Pi/Qi) = ft, + &Z, + & q i + 03ci2 + ... + j3j + lCij * ... + l ^ c j k + & + 2 

(qi . Zj) + Ac+3(q2 . Zj) + ... + Ac+j+l(cij • Zj) + ... + &k+l(qk • Zj) + e; 

for i = 1, 2, ..., n and j = 1, 2,..., k 

= probability that the i t n twin pair was discordant in the CVD risk factor and Qj = 1-PJ; 
qj = intrapair concordance in the j 4 * 1 environmental factor of the i t n twin pair: 0 for 

concordant and 1 for discordant; 
Zj = zygosity of the i*h twin pair: 0 for MZ and 1 for DZ; 
e; = random error of the i4*1 twin pair. 

= efo + M i + - + Ac+l Cjk + I W C J ! • Zj) + ... 
1 ! + ePo + ftZi + ... + & + i Cflc + / W c y - Zj) + ... 

The main effect of zygosity was determined by the estimate of 0i; the main effect of the j t h 

environmental factor was determined by the estimate of &, and the interactive effect of zygosity and 
jth environmental factor was determined by the estimate of j3ic+2. 

RESULTS 

Additive Effect Model 

Table 1 presents the multiple correlation coefficients and the standardized regression 
coefficients of each interaction variable included in the stepwise multiple regression 
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analyses of intrapair differences in DBP, SBP, cholesterol and triglyceride levels of 224 
adolescent MZ and DZ twins. After all the independent variables were included in the 
regression analyses of BP intrapair differences, the multiple correlation coefficients were 
0.72 for SBP and 0.58 for DBP in males, and 0.76 for SBP and 0.78 for DBP in females. 

Intrapair differences in SBP and DBP were significantly associated with some inter
action terms. In females, SBP was negatively associated with zygosity x sweet food 
preference, while DBP was positively associated with zygosity x egg preference. In males, 
SBP was negatively associated with zygosity x vegetable preference and with zygosity x 
soft drinks consumption. In females, a positive association was found between DBP and 
zygosity x tea consumption. In both males and females, DBP was negatively associated 
with zygosity x alcoholic beverage consumption. 

After including all the independent variables in the multiple regression analysis 
of intrapair difference in cholesterol level, the multiple correlation coefficients were 0.91 
for males and 0.75 for females. The multiple correlation coefficients between intrapair 
difference in triglyceride level and all the independent variables were 0.86 for males and 
0.79 for females. 

Intrapair differences in cholesterol levels in males were associated with interactions 
of zygosity and intrapair differences in four dietary preferences: sweet foods, animal 
organs, eggs and vegetables. These associations were positive except for zygosity x vegeta
ble preference. In females, cholesterol was positively associated with zygosity x animal 
organ preference. In males, cholesterol was positively associated with zygosity x con
sumption of soft drinks, and negatively associated with zygosity x tea and alcoholic 
beverages. In females, a positive association was found between cholesterol and zygosity 
x milk consumption. 

Intrapair difference in triglyceride level was associated with interactions of zygosity 
and intrapair differences in preferences for sweet foods, fried foods, fish and vegetables in 
males. These associations were positive except for vegetable preference.In females, positive 
associations between triglyceride level and zygosity x fish preference, milk and soft drink 
consumption were observed. A negative association was observed between triglyceride level 
and zygosity x tea consumption, which reched significance, however, only in males. 

Binary Multiple Regression Analyses 

Table 2 shows the results of stepwise binary multiple regression analyses of concordance 
in DBP. Based on the binary multiple regression model, concordance in DBP was signifi
cantly associated with concordance in height, calcium level, exercise, salty food pre
ference, and sweet food preference; and interactions of zygosity and concordance in milk 
consumption, salty food preference, fried food preference and vegetable preference, 
respectively. 

The binary multiple logistic regression analysis of concordance in DBP also had a 
similar result. Significant associations were found between concordance in DBP and 
concordance in height, calcium level, exercise, salty food preference, and sweet food 
preference. Concordance in DBP was also associated with interactions of zygosity and 
concordance in milk consumption, salty food preference, fried food preference and 
vegetable preference. 

Table 3 presents the stepwise binary multiple regression analyses of concordance 
in SBP. Based on binary multiple linear regression model, concordance in SBP was asso-
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ciated with concordance in milk consumption and uric acid level, and also with interac
tions of zygosity and salty food preference, vegetable preference and tea consumption, 
respectively. 

Similar results were observed in the binary multiple logistic regression analysis. Con
cordance in SBP was associated with concordance in milk consumption and uric acid level 
and interactions between zygosity and salty food preference, vegetable preference and 
tea consumption, respectively. Although not significant in linear regression analysis, 
the association between concordance in height and SBP was significant in logistic 
regression analysis. 

Table 4 illustrates the binary multiple regression analyses of concordance in cholesterol 
level. Based on binary multiple linear regression model, concordance in cholesterol 
level was associated with several independent variables: concordance in height, calcium 
level, preferences for salty food, fried food and vegetable; and interactions of zygosity 
and concordance in milk consumption and fried food preference. 

Binary Multiple Logistic Regression 

In this analysis too, concordance in cholesterol level was associated with concordance in 
height, calcium level, salty food preference and vegetable preference, and also with 
interaction of zygosity and milk consumption. Although significant in linear regression 
analysis, the associations for concordance in fried food and its interaction with zygosity 
were not significant in logistic regression analysis. 

Based on binary multiple linear regression model, concordance in triglyceride level 
(Table 5) was associated with zygosity, concordance in height, neuroticism and calcium 
level, and the interaction between zygosity and sweet food preference. Similar results 
were found in the binary multiple logistic regression analysis. Significant associations 
were found between concordance in triglyceride level and several independent variables: 
zygosity, concordance in height, neuroticism and calcium level, and the interaction 
between zygosity and sweet food preference. 

DISCUSSION 

A significant interactive effect on blood pressure levels was found between zygosity 
and preferences for salty foods and vegetables. In other words, cotwins discordant in 
salty food preference (or vegetable preference) will more likely be discordant in blood 
pressure if they are DZ than if they are MZ. This finding is consistent with those of 
several studies which have shown a significant impact of interactions of environmental 
and genetic factors on blood pressure, eg, with regard to sodium intake and genetic 
susceptibility. 

Studies of experimentally induced hypertension in animals have identified several 
mechanisms by which excessive sodium intake might increase vascular resistance and 
arterial pressure; these include structural changes in blood vessels, autoregulation of blood 
flow, alteration in trans-membrane ionic exchange in vascular muscle, salt-sensitive factors, 
and facilitation of sympathetic nervous system activity [5,11,18,20,22,24,45]. Moreover, 
several studies have revealed that, in animals, genotype is an important determinant of the 
vascular resistance and blood pressure response to excessive salt. Animals predisposed to 
hypertension developed increased vascular resistance and arterial pressure during high-salt 
diets, while animals without this predisposition did not [2,15,17]. 
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Experiments on normotensive persons have shown that compensatory neurohumoral 
adjustment normally prevents an increase in vascular resistance during high dietary 
sodium intake [1,27,29,44]. Although normotensive subjects responded to high-salt diet 
with decreased vascular resistance, it seems likely that excessive sodium intake might 
produce a different pattern of vascular response in subjects with hypertension, possibly 
because of predisposing factors that might impair compensatory adjustment or exaggerate 
vasoconstrictor influences [30]. 

Epidemiological studies also provide some clue to the possible existence of an inter
action of genetic predisposition with sodium intake. Some studies indicate an asso
ciation between excessive sodium intake and the prevalence of hypertension [16,20,23, 
35,38,39,42,45]. However, other studies did not find significant correlations between 
elevated blood pressure and salt intake or urinary salt excretion [19,28,37]. It was found 
that correlation between blood pressure and sodium excretion was inversely related for 
those with a blood pressure of 175/115 mmHg or greater. In subjects with a blood 
pressure of 160/85 mmHg or less, sodium excretion was directly correlated with blood 
pressure [4]. 

The effects of interaction of genotype and sodium intake on the blood pressure 
levels were described by Page [40]: "Human populations undoubtedly vary in their 
genetic susceptibility to hypertension... One powerful determinant is habitual sodium 
intake. When all individuals in a population are habitually using very small amounts of 
sodium, blood pressure does not rise with age, and hypertension is virtually absent. 
When all members of the population are ingesting very large amounts of sodium, a high 
percentage, reflecting the maximum number of susceptible individuals, develop hyper
tension. Between these two extremes, the relationship between blood pressure and 
sodium intake is difficult to perceive because of wide variation in genetic susceptibility, 
and other types of 'noise' introduced by other variables". A possible parallel is found in 
the observations in this study: an interaction between zygosity and vegetable preference 
in relation to blood pressure. The precise mechanism involved requires further study. 

The analysis of the interactive effects of genetic and environmental factors on 
serum cholesterol and triglyceride levels showed some interesting results. Under the 
additive effect model, a consistently positive, statistically significant relationship was 
found between cholesterol level and the interaction of zygosity and animal organ prefer
ence. The effect of the interaction of zygosity and milk consumption on serum cholesterol 
level also attained statistical significance in the binary multiple regression analyses. 

With respect to the serum triglyceride levels, the interaction between zygosity and 
fish preference was positively associated with the levels under the additive effect model, 
while a significant interaction was found between zygosity and sweet food preference by 
all three methods applied. 

Several cross-cultural studies of diet and plasma lipid levels show a significant 
association of serum cholesterol with dietary cholesterol and saturated fatty acid content 
and of serum triglyceride with saturate fatty acid consumption [13]. Berenson [3], using 
individual rather than group data, also showed a positive correlation between serum level 
of cholesterol and dietary content of cholesterol and saturated fatty acids. However, 
other studies could not find any relationship between serum cholesterol and diet [26,47]. 

Experimental studies on the human response to dietary manipulation suggest sig
nificant constitutional variability in the response of serum cholesterol to diet [12,25, 
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31,46]. In other words, while there was a mean decrease in serum cholesterol of groups 
when the diet was changed to one low in saturated fat and cholesterol, those individuals 
whose initial cholesterol levels were higher showed the most response to dietary mani
pulation, and those individuals whose initial cholesterol levels were normal responded to 
a lesser degree or did not respond at all. Experimental animal studies of the effects of 
diet and heredity on serum lipid levels also indicated constitutional differences in the 
response of serum lipid levels to dietary manipulation [10,32]. 

Consistent with the observations of other investigators, the findings of this study 
also showed significant interactive effects of genetic and environmental factors on serum 
cholesterol and triglyceride levels. However, the specific mechanism involved in this 
relationship is still unclear. 
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